Abstract: The extreme habitats of dry grasslands are suitable for investigations of the response of vegetation to local climate changes. The impact of weather variability on the dynamics of a plant community in a dry grassland was studied. Correlations were found between different functional groups of species and individual species and weather variability. During a 9-year study in five nature reserves in Prague (Czech Republic), the following responses of dry grassland vegetation to weather conditions were observed: (i) wetter conditions, especially in the winter, affected the dominance and species richness of perennial grass species and the decline of rosette plants; (ii) the year-to-year higher temperatures in the winter produced a decline in the dominance of short graminoids and creeping forbs; (iii) spring drought adversely impacted the overall abundance, especially the abundance of dicotyledonous species, and the species richness. However, these relationships may be manifested in different ways in different locations, and in some cases the vegetation of different locations may respond to weather conditions in opposite manners.
Introduction
Climate variability can have stabilizing or destabilizing effects on species coexistence, which has been described as the theory of "Storage effect" (Chesson 2000) . For example, Adler et al. (2006) found that climate variability had a stabilizing effect on the coexistence of prairie grasses. On the contrary, McLaughlin et al. (2002) demonstrated that the increased precipitation variability likely caused the extinction of two well-studied butterfly populations. Dunnet & Grime (1999) discovered that the competitive abilities of several herbaceous plants changed due to a warming treatment. Bertness & Ewanchuk (2002) observed that the interactions between salt marsh plants changed due to climate changes.
Climate variability is one of the important factors that influence the abundance and species composition of grasslands (e.g., Stampfli 1995) . Relationships between weather variables and plant performance have been described by Tilman & El Haddi (1992) , Tilman (1993 Tilman ( , 1996 , Herben et al. (1995) , Dunnett et al. (1998) , Morecroft et al. (2004) , Bates et al. (2005) , Elmendorf & Harrison (2009) , and Petřík el al. (2011) . These changes can have significant consequences in regard to plant productivity and species diversity (see Knapp et al. 2002; Fuhrer et al. 2006) . For this reason, grasslands can be used as a suitable test of climatic change issues that are expected to alter the species distribution, community composition, and ecosystem functions on the global and regional scales (Graham & Grimm 1990; Kappelle et al. 1999; Hughes 2000; McCarthy 2001) .
The vegetation of dry grasslands is exposed to extreme habitat conditions that significantly contribute to preservation of these species-rich plant communities (Kubíková 1999) . For these reasons, the vegetation of dry grasslands reacts more markedly than other types of grassland vegetation, while the changes affect a relatively broad spectrum of species.
Attention has been paid to dry grassland monitoring especially with regard to extreme drought conditions. A number of studies have shown that plant populations, not only in dry grasslands, returned to a pre-drought state within 5 years (van der Maarel 1981; Tilman & El Haddi 1992; Tilman 1993 Tilman , 1996 Rosén 1995; Dunnett et al. 1998; Morecroft et al. 2004 ). However, Stampfli & Zeiter (2004 found that frequently occurring intense droughts resulted in a persistent change in the grassland community structure. A reduced number of species was observed and depended on frequent recruitment from seeds, which favored longlived, clonally spreading species. In addition, the timing of drought selects between species with different germination phenologies.
Recently, more attention has been paid to monitoring the detailed response of dry grassland vegetation to fluctuating weather conditions during experi-mental manipulations. Bates et al. (2005) studied the effects of a simulated, long-term climatic change on bryophytes of dry grassland. Sternberg et al. (1999) found that the plant coverage and species richness of a vascular plant community significantly increased when it received a supplemental summer rainfall. Their results also suggested that warmer winters with summer drought may delay succession because the formation of gaps in a sward provides sites for colonization by annuals. Under wetter conditions during the summer, perennial grasses increased their coverage and tended to close the sward. Relatively little data about these relationships have been collected from natural ecosystems. A field study of the relationship between bryophytes and lichens of calcareous grasslands and weather conditions was presented by Ingerpuu & Kupper (2007) . In a study from central Germany, Matesanz et al. (2009) showed that temporal trends in vascular plant communities are strongly associated with the temporal climate trends at the study site. Their results also highlight the fact that the responses detected at the species functional group level (annuals, perennials) may mask contrasting responses within functional groups.
In this paper, we report a 9-year field study concerning the relationship between weather variables and changes (1) in the overall abundance of vegetation, (2) in the abundance of individual species, (3) in the abundance of different functional groups of species, and (4) in the number of species. • 21 05 E). The studied nature reserves with xerothermic vegetation are located mainly on the rocky hills along the Vltava River with an elevation of approx. 200-300 m a.s.l. The geological substratum in the nature reserves is mainly greywacke and shale of the Upper Proterozoicum, on which a shallow layer of protoranker soil developed. The climate is the mild humid zone type, with a pronounced but not too cold winter, but features of a transition to a mild arid zone type, with hot summers and cold winters, are also present (Walter & Lieth 1962) . September is the driest month. The mean annual temperature on the slope of dry grasslands is 9.0 • C. The mean temperature for the period of April to September ranges from 15.0 to 15.7
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• C in the Prague Basin and from 14.2 to 14.6
• C on the surrounding plateau. A temperature of -29.9
• C was recorded as the absolute minimum temperature. The mean annual total precipitation is 476-487 mm in the Prague Basin and 521-575 mm on the Prague Plateau.
The dry grassland in the study area was formed mainly by secondary vegetation after clear-cutting of the native xerothermic oak forest with Cynanchum vincetoxicum (Cynancho-Quercetum) (for details see Moravec, Neuhäusl et al. 1991) , which was followed by extensive grazing by domestic animals or occasionally migrating animals (see Dostálek & Frantík 2008) .
The dry grasslands are represented by transitional communities of alliances Festucion valesiacae and AlyssoFestucion pallentis and formed by characteristic species, such as Festuca valesiaca, F. rupicola, F. pallens, Koeleria macrantha, Carex humilis, Potentilla arenaria, Eryngium campestre, Thymus pannonicus, Centaurea stoebe, Artemisia campestris, Seseli osseum, and Sedum acre, and spring ephemerals, such as Arenaria serpyllifolia, Erophila verna and Cerastium umbellatum (for more details on this type of vegetation, see Kubíková 1976; Chytrý et al. 2001; Chytrý & Tichý 2003) . Many of the stands that are degrading (for details see Dostálek & Frantík 2008) can be classified using the deductive method of syntaxonomic classification (Kopecký & Hejný 1974 , 1978 Kopecký et al. 1995) only into higher units of the Festuco-Brometea class.
To prevent degradation and maintain a favorable state of these grasslands, extensive grazing by a flock of 25-35 sheep and 2-5 goats was introduced in 2000, and the animals grazed the locations once per year. The pasture season ranged from 1 to 4 weeks depending on the grazing area. The grazing intensity shown as Animal Days (AD) per unit area = stocking rate × days/area [ha] (see Hodgson 1979) was approximately 500 for sheep and 60 for goats.
The nomenclature follows Kubát et al. (2002) for the taxa and Moravec et al. (1995) for the syntaxa.
Data collection
Data were collected using a system of permanent plots in the form of 1-m 2 squares, which were established in 2000 and marked with metal sticks. From 2001 to 2009, we examined 34 plots in 5 nature reserves (Salabka -6 plots, Podhoří -2 plots, Baba -7 plots, Podbabské skály -10 plots, Jenerálka -9 plots). The plots were arranged so that they covered the large vegetation heterogeneity. A 3 × 3 grid was used to divide each plot into 9 smaller subplots. In each subplot, the vegetation coverage of individual species was determined twice per year, at the end of April (spring aspect with therophytes) and in the middle of June (top of the vegetation season), to capture the whole spectrum of the functional forms of plants. If the coverage of concrete species was determined for both terms in the year, the higher value was taken into account. In this way, an estimate of the coverage for each species in each year was obtained for the whole square, including the mean value and standard deviation.
The following functional species groups were distinguished: dicotyledons, monocotyledons, life forms (according to Ellenberg et al. 1992 ) and growth forms (according to Willems 1985) . Among the groups of species, so-called winter annual herbs were also included, because they are considered to be very dynamic and synusially independent phenomena within the dry grasslands (see Geißelbrecht-Taferner et al. 1997) .
However, when the responses of characteristic and/or other species with higher frequency and dominance in the studied dry grassland were examined, the results of individual species did not always agree with the functional group patterns. Therefore, species of marginal importance (low frequency and dominancy) and woody species that were possibly influenced by grazing and clearing were excluded from the assessment.
Data handling
The climatic data were processed using information from the Czech Hydrometeorological Institute climatic database for the Praha-Ruzyně meteorological station, which is approximately 10 km from the study plots (Anonymous 2000 (Anonymous -2009 . 85 −9.73 −12.30 −14.18 −11.85 −14.3 −7.28 −8.08 −10.23 During the 9-year study period, a large amount of coverage records was collected with maximum 9 × 34 × 9 records (9 years × 34 plots × 9 subplots) for individual plant species and functional group. The coverage data for the subplots were averaged to obtain the mean coverage of each species and functional group per year and plot. The plot data were then averaged for each location and/or for all plots. In this way, two sets of coverage data for the species and functional groups over 9 years were obtained: 1) mean coverage for a location; 2) overall mean coverage.
These two sets of data were correlated (Pearson correlation) with the following climate variables: precipitation for the previous year, winter (i.e., October-March) precipitation, April precipitation, mean temperature for the previous year, mean temperature in the winter (i.e., OctoberMarch), mean temperature in April, minimum temperature in the winter and minimum temperature in April. To explore the relationships between the interannual variability of the plant community and climate, the year-to-year differences in the coverage and climate variables were also correlated. A significance level of P ≤ 0.05 was used.
The simply method of Pearson correlation enabled us to make relatively transparent conclusions and hypotheses. For that reason more complex statistical methods were not used.
All found. The most frequent and dominating species were Achillea millefolium, Arrhenatherum elatius, Centaurea stoebe, Securigera varia, Elytrigia intermedia, Eryngium campestre, Erysimum crepidifolium, Euphorbia cyparissias, Veronica arvensis, Vicia angustifolia, V. hirsuta, Arabidopsis thaliana, Holosteum umbellatum, Veronica hederifolia, Brachypodium pinnatum, Festuca valesiaca, F. rupicola, and Fragaria viridis. Table 1 shows that the study period was characterized by 1 dry year (2003) and 2 moist years (2001, 2002) . The mean total coverage of vascular plants during the study period at the end of April was 54% (ranging from 35 to 80%) and 61% in the middle of June (ranging from 28 to 79%).
Prevailing trends in the community data in response to weather conditions Correlations between the weather conditions and community data (number of species and coverage of species groups and individual species) during the study period are listed in Tables 2 and 3 . The accompanying data that describe the spectrum of interannual differences and show an overview of the correlations are included in Tables 4 and 5 . The results show that the precipitation in the preceding year was significantly positively correlated with the abundance of short graminoids and the number of tall graminoids and creeping forbs (Table 2). On the contrary, a negative correlation was found between the abundance and number of climbing forbs and the number of chamaephytes. On a year-to-year basis, the interannual increase in the precipitation of the preceding year was correlated with a decrease in the abundance of therophytes (Table 4) . The precipitation in the winter was significantly positively correlated with the abundance of monocotyledonous and tall graminoids and negatively correlated with the abundance of rosette plants (see Fig. 1 ). In the case of winter precipitation, no significant correlations were found on a year-to-year basis. Only the abundance of short graminoids was positively correlated with the April precipitation.
With regard to the overall monitoring period, the abundance or number of species was influenced less by temperature compared with precipitation. No significant differences were found between the abundance or number of species and the temperature in the foregoing year (Table 2) . Only the interannual temperature variability of the preceding year and the abundance of winter annuals were positively correlated (Table 4 ). The mean temperature in the winter are negatively correlated with the abundance and number of hemicryptophytes. However, greater negative correlations were found between the interannual differences in the winter temperatures and the abundance or number of species of the functional groups of plants. The same was true for the interannual differences in April temperatures.
These results show that temperature is more important on a year-to-year basis.
Lower minimum temperatures in the winter period were significantly correlated with the increased abundance of geophytes and decreased abundance of winter annuals (see Fig. 2 ). Moderate spring weather (i.e., higher minimum temperatures in April) was associated with a higher abundance of short clonal forbs and higher numbers of chamaephytes and geophytes.
The results also show that there were some significant differences in the relationships between the abundance of species and weather conditions during the study period. The abundance of individual species changed significantly with regard to the amount of precipitation in the winter period and the preceding year (Table 3) . With the increased precipitation in the winter period, the abundances of Arrhenatherum elatius, Asperula cynanchica, Carex humilis, Erophila verna, Festuca pallens, Festuca valesiaca, and Myosotis stricta increased significantly. On a year-to-year basis, the abundances of Dianthus carthusianorum and Poa pratensis also increased (Table 5) . On the contrary, the abundances of Achillea millefolium, Erysimum crepidifolium, Euphorbia cyparissias, Potentilla argentea, Securigera varia, and Verbascum lychnitis decreased. The precipitation in the preceding year was positively correlated with the abundances of Festuca pallens and Fes- tuca valesiaca and negatively correlated with the abundances of Fallopia convolvulus, Polygonum aviculare, Trifolium hybridum, Veronica hederifolia, and Viola arvensis (Table 3) . On a year-to-year basis, the interannual increase in the amount of precipitation in the preceding year was also correlated with the increased abundance of Poa pratensis and with the decreased abundances of Eryngium campestre and Hylotelephium telephium (Table 5) . April precipitation was not significantly correlated with abundances. On a year-to-year basis, however, the interannual increase in the amount of April precipitation was correlated with the increases in abundance of Carex humilis, Festuca valesiaca, Galium glaucum, and Koeleria macrantha.
As the temperature in the preceding year increased, the abundances of Arenaria serpyllifolia, Asperula cynanchica, Erophila verna, Galium verum, Medicago minima, Myosotis stricta, and Thlaspi perfoliatum increased (Table 3) . The winter temperature was positively correlated with the abundances of Vicia angustifolia and V. hirsuta and negatively correlated with the abundance of Fragaria viridis (Table 3) . On a year-to-year basis, the interannual increase in the winter temperature was also correlated with decreases in abundance of Brachypodium pinnatum, Carex praecox and Koeleria macrantha (Table 5 ). The April temperature was not significantly correlated with abundance. On a yearto year basis, however, the interannual increase in the April temperature was correlated with the decreases in abundance of Dianthus carthusianorum and Securigera varia.
A warm winter with moderate minimum temperatures had a favorable effect on the abundances of Arabis glabra, Centaurea stoebe, and Vicia angustifolia (Table 3). On the contrary, the abundances of Elytrigia intermedia, Sedum telephium, Seseli osseum, and Trifolium montanum increased with regard to the low min- Table 5 . Correlation coefficients between interannual differences in coverage of selected species for all plots and weather conditions. The significant coefficients at P ≤ 0.5 are indicated in bold. PY -Precipitation for the previous year ( imum temperature in the winter period. On a year-toyear basis, the interannual decreases in abundance of Achillea millefolium, Carex praecox, Chenopodium album, and Koeleria macrantha were affected by the low minimum temperature in the winter period (Table 5) . Moderate April weather with high minimum temperatures positively affected only Chenopodium album and Thymus pannonicus (Table 3) .
Spatial variation in the community data in response to weather conditions To describe the spatial variation in the community data in response to weather conditions, the differences in the coverage changes of the species groups and individual species across the nature reserves were evaluated. In some locations, interesting correlations were found but were non-significant during the overall evaluation of all nature reserves. Although no significant relationships between weather conditions and total vegetation coverage were found in all locations, the increased total coverage was significantly correlated with higher precipitation in the preceding year in Baba (R = 0.86), with increasing amount of precipitation in the winter period in the Sa-labka Nature Reserve (R = 0.71) and with lower minimum temperatures in April in Podhoří (R = 0.89). On the plots in the Podbabské Skály Nature Reserve, no statistically significant relationships between vegetation coverage and annual weather variables were found; however, the total coverage increased on a year-to-year basis with regard to the higher precipitation in April (R = 0.71).
On a year-to-year basis, the abundance of dicotyledonous species increased with regard to a higher amount of precipitation in the preceding year in the Salabka Nature Reserve (R = 0.78); on the contrary, in Baba, the opposite phenomenon was observed (R = −0.73).
The abundance of creeping forbs with regard to a higher amount of precipitation in the winter period significantly increased in Salabka (R = 0.82) and Podhoří (R = 0.88), while in Baba, the abundance decreased significantly in this respect (R = −0.80).
In Salabka, on a year-to-year basis, the abundance of chamaephytes increased with regard to a higher amount of precipitation in the preceding year (R = 0.88). On the contrary, in Podhoří and Baba, the abundances decreased with regard to higher amounts of precipitation (R = −0.85 and R = −0.88, respectively).
As the amount of precipitation in the winter increased, in Salabka the number of chamaephytes decreased significantly (R = −0.73), whereas the number of chamaephytes increased under the same conditions in Podhoří (R = 0.96).
For the groups of species and the individual species, there were a number of differences in the relationships between abundance and climate changes across the studied nature reserves. The observed correlation coefficients for most species generally corresponded to the summary data listed in Tables 3 and 5. In the individual protected areas, however, the degree of conclusiveness differed. In some areas, the species Festuca rupicola, Holosteum umbellatum, Melica transsilvanica, Potentilla arenaria, Sedum acre and Stachys recta showed statistically significant correlations, but these relationships were inconclusive during the overall evaluation of all nature reserves. The abundance of Holosteum umbellatum in Podhoří significantly decreased with regard to increased temperatures in April (R = −0.82), and the abundance of Melica transsilvanica decreased with higher mean and minimum temperatures in the winter (R = −0.79 and R = −0.86, respectively). On the contrary, in this location, the abundances of Potentilla arenaria, Sedum acre, and Stachys recta increased with regard to higher amounts of precipitation in the winter period (R = 0.89, R = 0.85, and R = 0.83, respectively) and in April (R = 0.78, R = 0.78, and R = 0.87, respectively). The abundance of Festuca rupicola in Baba significantly increased with regard to higher amounts of precipitation in the winter period (R = 0.74).
Opposite relationships in different locations were found only for year-on-year differences of Convolvulus arvensis and Vicia hirsuta. In Salabka and Baba, the coverage of Convolvulus arvensis increased in connection with a greater amount of precipitation in the winter (R = 0.84 and R = 0.88, respectively); on the contrary, in Podhoří the coverage of this species under the same conditions decreased significantly (R = −0.84). The increased coverage of Vicia hirsuta in Salabka depended on higher temperatures in the previous year (R = 0.77). In Jenerálka, its coverage under the same conditions decreased significantly (R = −0.72).
Discussion
In the course of the 9-year study, significant correlations between vegetation coverage, including functional species groups and individual species, species richness, and weather fluctuations were found. These results confirm that changes in the local climate play a significant role in the dynamics of the dry grassland community (Sternberg et al. 1999; Ingerpuu & Kupper 2007; Matesanz et al. 2009 ). The results also showed that the changes in coverage and number of species in relation to weather conditions differed among the functional species groups and individual species, which has also been reported by Matesanz et al. (2009 ), Ingerpuu & Kupper (2007 , and Stampfli & Zeiter (2008) .
In general, the changes in community dynamics were the most frequent with regard to the amount of precipitation. However, in the year-to-year changes, temperature also played a significant role. Sternberg et al. (1999) reported a significant positive effect of water on the total plant coverage. During our study, we were not able to demonstrate this general relationship. However, we found a significant impact of precipitation on some groups of plants. A higher amount of precipitation in the winter period stimulated the growth of particular perennial species of grasses (for example, Arrhenatherum elatius); therefore, the abundance of tall graminoids and monocotyledonous, which contain a significant amount of tall graminoids, increased. The increase in abundance of short graminoids, especially of Festuca species, was favorably influenced by higher volumes of annual and spring precipitation, which has been reported for Festuca ovina by Otsus & Zobel (2004) . Winkler & Klotz (1997 a, b) and Matesanz et al. (2009) reported a favorable impact of autumn and spring moisture conditions on the growth of annual plants. In our study, this relationship was not generally confirmed. Higher amounts of precipitation in the winter period and in the preceding year were associated with a decline in plants with ground rosettes and climbing forbs, which predominantly consist of annual plants. The decrease in the abundance of annual plants is probably caused by competition with perennial plants, graminoids in particular; thus growth and the ability to compete are supported by a higher amount of precipitation in the preceding period.
As the annual amount of precipitation increased, the number of tall graminoids and creeping forbs increased. On the contrary, the number of climbing forbs and chamaephytes decreased. Different groups of plants
